Geobacter sulfurreducens is a dissimilatory metal-reducing bacterium capable of forming thick electron-conducting biofilms on solid electrodes. Here, we employ for the first time comparative proteomics to identify key physiological changes involved in G. sulfurreducens adaptation from fumarate-respiring planktonic cells to electron-conducting biofilms.
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Introduction.
Geobacter sulfurreducens is an anaerobic, gram negative, bacterium capable of utilising a wide range of soluble (e.g. fumarate) and insoluble (e.g. Fe(III) oxide) electron acceptors for respiration 1 . In the absence of an alternative electron acceptor G. sulfurreducens has been shown to form thick electron-conducting biofilms (>50 µm) on an adequately polarised solid electrode surface (anode) which can act as an artificial, inexhaustible, electron sink 2, 3 . Our previous work examining the charge transfer properties of G. sulfurreducens biofilms, grown under controlled applied potentials, has shown that biocatalytic current, generated from oxidation of acetate, scales with applied potential 3 . The acetate oxidation currents do not scale directly to biofilm thickness 4 , however, suggesting that either mass or charge transport limits the overall current or that the biofilm formed over time displays differences in bacterial cell densities, viability and/or redox response. Besides this uncertainty, the mechanism by which electrons are transferred over long distances (>50 µm) through G. sulfurreducens biofilm to the solid electrode still remains unclear. Two mechanisms are proposed; i) electron hopping through redox proteins (c-type cytochromes) present in the outer membrane 5, 6 and, ii) metallic-like conductivity through Type IV pili (nanowires) 7 . Evidence has been presented to support and oppose both conjectures but, as yet, no published consensus has been reached 8 .
The identification of key proteins, particularly outer membrane cell components, implicated in electron transfer (ET) to solid electron acceptors is an important step to unravelling the long-range ET mechanism(s) through G. sulfurreducens biofilms. In addition to the Type IV pili structural protein, PilA, shown to be essential for long-range ET through thick G.
sulfurreducens biofilms 2 , a number of cytochromes have been identified which are thought to be either directly or indirectly involved in this ET process 2 . Gene deletion studies have revealed that outer membrane cytochrome OmcZ is essential for long-range ET through biofilms 9 while others, namely OmcB, OmcE, and OmcS, are required for optimal current 4 generation 2, 9 , although biofilms can produce varying degrees of current in their absence. In addition, OmcF has been implicated in the export of outer membrane proteins necessary for
ET from biofilms to a solid electrode 10 . Gene deletion studies provide useful information on the roles of specific proteins in the ET process but gaps remain in knowledge of the overall physiology of G. sulfurreducens electron-conducting biofilms. More holistic approaches such as transcriptomics or proteomics can provide insights into the bacterium respiratory system, by encompassing a comprehensive representation of cell components via the characterisation of gene or protein expression, respectively. A comparative transcriptomic study for G.
sulfurreducens biofilms using graphite electrode versus fumarate as terminal electron acceptors revealed increased levels of 13 gene transcripts including PilA-N, PilA-C, OmcB
and OmcZ, at the electrode, although the transcription of OmcS and OmcT was found to be decreased 9 . Information on gene expression is valuable but the lack of systematic correlation between gene transcription and protein expression renders transcript detection only indicative of the role played by the proteins they encode for. As such, proteomics, and particularly comparative proteomics, represents a powerful tool to identify microbial adaptations characteristic of electrode biofilms. Here we employ iTRAQ (isobaric tag for relative and absolute quantification) to provide a 'snapshot' of differential protein expression by a mature Table S1 ). For simplicity, the two independent experiments analysed in the present study were considered as separate.
Consequently, each protein was associated with eight ratios: 117/113-117/114-118/113-118/114 reflecting the relative protein expression in the biofilm versus planktonic cells in the (Table S2 ). As indicated in Table S2 , using each iTRAQ channel as denominator led to different sets of differentially expressed proteins, highlighting the need to apply such approach to select the truly reproducibly differentially expressed proteins. Only proteins identified at the 1% global false discovery rate (FDR) level (Table S3 ) and with unused Protscore ≥2 were retained. ProteinPilot performs FDR analysis at the spectral, peptide and protein level using a non-linear fitting method to determine both global and local FDR from the decoy database search. 13 After extracting the differentially expressed proteins common to the eight output files (resulting from the eight PDST analyses), a threshold of ≥1.3 fold difference in expression between samples was applied for biological significance [14] [15] [16] [17] .
Data analysis. Clusters of Orthologous Groups (COG) analysis was carried out by searching the identified proteins using Blastp from the National Center for Biotechnology Information (NCBI) against the COG protein database. Rate ratios were calculated using (nc/n)/(Nc/N), where nc is the number of hits to a given COG category in the proteome (the differentially expressed proteins; the proteins expressed at a higher or reduced level in the biofilms); n is the total number of hits in all categories in the same system (proteome, differentially expressed proteins and proteins expressed at a higher or reduced level in biofilms), Nc is the .
Results and Discussion
Membrane protein levels increase in electron-conducting biofilms. Overall, a total of 1316 proteins were identified with a minimum of 99% confidence in both biofilm and planktonic G. sulfurreducens samples (Table S4) , amongst which 77 were significantly differentially expressed (Table S5 ). These included 40 and 37 proteins that were detected at higher and reduced levels in biofilms, respectively (Table S5 ). The prediction of protein location indicated that a change in the nature of the electron acceptor (soluble fumarate versus solid electrode) in the growth medium of G. sulfurreducens resulted in alteration of the expression pattern of proteins located mainly in the membrane (inner and outer) and periplasm ( Fig. 1) .
Indeed, while proteins from these cellular locations accounted for a combined 14% of the whole proteome, 28% of proteins differentially expressed were predicted to belong to the inner membrane (12%), the outer membrane (8%) and the periplasm (8%; Fig. 1A and B).
More specifically: 20% of proteins whose level of expression is higher in the electrode biofilms compared to planktonic cells are associated with the inner membrane; an additional 12% are associated with the outer membrane; while 13% of the proteins with a reduced expression in biofilms are located in the periplasm (Fig. 1C and D) . This indicates that G.
sulfurreducens adaptation from planktonic to electron-conducting biofilms, induced by a shift 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 from soluble to insoluble electron acceptor, involves the preferential increased expression of membrane-associated proteins.
The nature of electron acceptor impacts preferentially on the levels of proteins belonging to certain functional categories. The identification of 1316 G. sulfurreducens proteins corresponds to 38% genome coverage. This relatively low coverage can be attributed to the stringent conditions employed and the previously reported reduced performance of iTRAQ 8-plex set-up intrinsically linked to replication discrepancies 20 . When comparing 4-plex to 8-plex iTRAQ, Mahoney et al. 21 reported a reduction in protein identification rate of 40%. This was attributed to a reduced ionisation efficiency as well as a higher average charge for 8-plex compared to 4-plex labeled peptides [22] [23] . Interestingly, when using the KEGG Mapper tool to investigate the functional roles of the proteins identified in the present study, 70% of G.
sulfurreducens protein-encoding genes involved in metabolic pathways are expressed under the conditions of the present study (Fig. S2) . In addition, a proteome coverage of 21% and 42% are reported for membrane proteins and proteins involved in secretion systems. When comparing the COG distribution from G. sulfurreducens genome to its proteome (expressed under the conditions investigated and using rate ratios), several COG categories are underrepresented or over-represented ( Fig. 2A) . Of particular note is the under-representation in the proteome of proteins involved in cell motility (N), defense mechanisms (V) and proteins assigned to no COG category. Conversely, proteins involved in amino acid and nucleotide transport and metabolism (E and F, respectively), as well as proteins involved in translation (J) are over-represented in the proteome ( Fig. 2A) . Even though in the overall proteome proteins can be classified into 21 COG categories (including no COG category), proteins that are differentially expressed can only be assigned to 16 COG categories (Fig. 2 ). Amongst these, proteins expressed at higher and reduced levels in electrode biofilms belong to 14 and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 eight COG categories, respectively. Strikingly, an over-representation of proteins involved in cell envelope biogenesis and outer membrane (M), cell motility (N) and intracellular trafficking and secretion (U) prevails specifically amongst proteins expressed at higher levels in biofilms, with no proteins belonging to these COG categories showing a reduced level of expression in the same cohort of samples ( Fig. 2B and C) . This observation suggests important roles for proteins involved in functional categories M, N and U in electronconducting biofilms, particularly in the light of their under-representation in the overall proteome ( Fig. 2A) . Similarly, proteins associated with energy production and conversion 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 proteins 34, 53-56; Fig. 3 ). Complex I and II proteins are expressed at higher levels in biofilms (proteins 34 and 56; Fig. 3 ), while the F 0 F 1 ATP synthase of complex V shows a reduced level of expression in biofilms (protein 56; Fig. 3 ). Proteins from several twocomponent systems were found to be expressed in both planktonic and biofilm states (Fig. 3) including proteins from the NtrC family, possibly indicating that G. sulfurreducens experienced nitrogen limitation at the time of sampling (Fig. 3: proteins 41, 57-61 ). Proteins involved in glutamate and nitrogen metabolism are also detected, several of which are differentially expressed (Fig. 3) . A total of 38 ABC transporters are identified across all samples (represented by proteins 155, 166-187; Fig. 3 ). Amongst these, five are differentially expressed, including four that are detected with decreased abundances in the biofilms (Fig.   3 ). Numerous proteins involved in porphyrin metabolism, important for cellular respiration,
are also identified across all samples (proteins 98-115; Fig. 3 ).
It has been proposed that electrons harvested from the cytoplasmic metabolic processes of surface-attached G. sulfurreducens are transported to the solid electrode via a complex assembly of cytochrome conduits spanning the inner membrane through to the extracellular milieu 8, 24 , Specifically, electrons may be transferred from the menaquinone pool to periplasmic c-type cytochromes, such as GSU1996 24 , via an inner membrane-associated redox protein, such as cytochrome c ImcH
25
. Transfer across the outer membrane to the solid electrode is thought to involve either specific cytochromes, which can connect directly to the electrode (e.g. OmcZ) 26 , or through a combination of cytochrome c/pilus assemblies (e.g.
OmcS/Type IV pili) 27 . Studies have highlighted OmcS, OmcB, OmcC, OmcE and OmcZ as being directly or indirectly involved in ET to solid electron acceptors 2, 9, [28] [29] . In the present study, a total of 20 c-type cytochromes are detected with similar levels of expression for both planktonic and biofilm samples. Amongst these, two proteins are located in the cytoplasm 
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(proteins 88 and 89; Fig. 3 ), four in the inner membrane (proteins 79-82; Fig. 3 ), five in the periplasm (proteins 83-87; Fig. 3 ) and seven in the outer membrane/extracellular milieu (proteins 91-97; Fig. 3 ). In addition to the outer membrane cytochromes (Omc's) previously identified to contribute to G. sulfurreducens ET processes (detailed above), three additional Omc's are detected: OmcN and two monoheme cytochrome c's (protein 94, 91 and 97; Fig.   3 ). Periplasmic cytochrome c, GSU1996 (protein 84; Fig. 3 Fig. 3 ), involved in cytochrome c maturation 34 .
ET associated flavoproteins are detected at similar levels in planktonic and biofilm samples (proteins 73 and 74; Fig. 3 ). These could be involved in ferrodoxin reduction, as proposed previously 35 . Indeed, several ferrodoxin-dependent proteins are detected including the NfnAB complex (proteins 38 and 75; Fig. 3 Bacterial secretion systems permit cells to transfer small molecules, proteins and DNA across the membrane into the extracellular milieu or into nearby target cells 37 . To date, six secretion systems have been identified in gram-negative bacteria, classified as Type I secretion system (T1SS) through to Type VI (T6SS) 37 . All but T5SS comprise protein assemblies which span both inner and outer membranes. In the present study, proteins associated with five of these systems (apart from T3SS; predominately found in bacterial pathogens) are detected, with significant increased levels of expression for T1SS, T2SS, T5SS and Type IV pili secretion .
Sixteen T1SS associated proteins common to both samples are detected ( Fig. 3 ; Table S6 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 primary chaperone for protein translocation to T5SS Bam machinery which facilitates β-barrel porin assembly in the outer membrane 37 . G. sulfurreducens also encodes several genes (GSU0022, GSU0781, GSU0787, GSU1486 and GSU3190) related to the Twin-arginine translocation (Tat) pathway (which can translocate folded proteins across the inner membrane) although no proteins associated with this system were detected in this study.
T2SS is a ca. 12-15 component secretion system consisting of four subunits; a cytoplasmic APTase, an inner membrane platform, a periplasmic pseudopilus and an outer membrane secretin which can secrete a wide range of folded proteins 40 . For example, it is estimated that >25 proteins are secreted via the T2SS pathway in the gram negative bacterium Legionella pneumophila, with 20 identified in a single study 41 .
Substrates are delivered to the T2SS via the Sec (or Tat) pathway and secreted by the pseudopilus in a rotary piston-like motion which pushes the substrate through outer membrane pores into the extracellular milieu 37 , although some are known to remain surface-associated upon secretion 42 . Interestingly, T2SS represents the only viable route for secretion of cofactor-containing proteins to outer surfaces implying that it plays a significant role in surface-associated redox protein secretion for Geobacter and Shewanella species 42 . MrtC and OmcA cytochromes are known substrates of T2SS in S. oneidensis 43 which remain surface bound upon secretion 42 and participate in ET to solid electron acceptors 43 . Both are involved into the MtrABC conduit architecture which facilitates extracellular respiration in S. oneidensis 44 . OmpB (detected here; Table S4 ), a loosely attached outer membrane multicopper oxidase, is the sole protein identified to date that is secreted via T2SS in G. sulfurreducens 45 , though it is probable that other, so far 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 18 the biofilm samples compared to planktonic cells. T4SS is associated with bacterial cell adhesion and motility, and can facilitate the transport of a diverse array of substrates from DNA to effector proteins 46 . Analogous to T2SS, it comprises ca. 15 proteins to form a four subunit structure spanning both membranes. However, unlike T2SS pseudopili, T4SS pili extend all the way through to the extracellular milieu. Although G. sulfurreducens encodes genes associated with T4SS, it is yet unknown if the bacterium utilises this secretion system for extracellular export of DNA and/or proteins. Gene deletion studies, though, have established that protruding Type IV pili are essential for facilitating long range ET through G.
sulfurreducens biofilms to solid electron acceptors 2, 9 . A total of 17 Type IV associated proteins (represented by proteins 62, 64 and 137-145; Fig. 3 ) are detected in both samples, including PilQ (protein 144; Fig. 3 ) with increased level of expression in biofilms. PilQ forms the outer membrane pore which facilitates the extension of the Type IV pili from the periplasm, through the outer membrane and into the extracellular milieu (Fig. 3) . Four cytoplasmic ATPases are also detected (represented by proteins 137-139; Fig. 3 ), including
PilT (protein 139; Fig. 3 ) which powers pilus retraction, aiding cell motility 47, 48 . PilR, also identified here, (protein 62; Fig. 3 ) is a cytoplasmic transcriptional response protein responsible for the regulation of PilA 49 . Inner membrane proteins PilC, PilO, and PilL, which are also detected (represented by protein 143; Fig. 3 ), form the platform for pilus assembly 48 .
Although differential expression of PilA (protein 64; Fig. 3 ), seen in other transcriptomic studies 9 , is not observed under the conditions tested, the increased expression of PilQ in biofilm samples (protein 144; Fig. 3 ) supports the hypothesis of the integral involvement of Type IV pili in long-range ET through electrode-respiring G. sulfurreducens biofilms.
Spanning only the outer membrane, T5SS (also known as the autotransporter system) is the simplest secretion system, facilitating the secretion of proteins 50 and is implicated in cell-tocell adhesion, biofilm formation and outer membrane biogenesis 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   21 little attention to date, the importance of T2SS in S. oneidensis is well documented 42, 43, [56] [57] [58] [59] with studies showing that T2SS is responsible for the translocation of multiple cytochromes, implicated in extracellular ET, across the outer membrane to the cell exterior 43, 59 . The increased expression of T5SS associated proteins in biofilm samples, particularly BamA and a number of β-barrel proteins (OmpA, OmpJ and a putative Omp), might support the recent proposal that a G. sulfurreducens 'porin-cytochrome' protein complex embedded in the outer membrane may provide a route for trans-membrane ET to solid electron acceptors 60 .
Moreover, a similar role is proposed for the previously described S. oneidensis 'porincytochrome' (MtrABC) module 61 , further emphasising potential similarities between G.
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